The authors describe a protocol for measuring the carpal tunnel and median nerve in a reproducible manner using ultrasound, as well as the variability of ultrasound measurements of the median nerve in the carpal tunnel on repeated testing. Measurements of the median nerve in the wrist and carpal tunnel and measurements of the carpal tunnel were taken on 23 wrists using high-resolution ultrasound following a specified protocol. These measurements were repeated a short time later to enable the initial measurements to be tested for reproducibility and stability. The same person obtained all measurements for the purposes of this study; thus, the results represent findings in an intraobserver variability study. Good correlation between the test and retest measurements was demonstrated, with r 2 values between 0.72 and 0.98. Paired t test demonstrated no significant difference between the test and retest measurements. The study shows that repeated ultrasound measurements of the cross-sectional areas of the carpal tunnel, median nerve at the proximal edge of the carpal tunnel, distal to the carpal tunnel and at the level of the proximal wrist crease can all be satisfactorily reproduced when a strict ultrasound protocol is adhered to.
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The carpal tunnel is defined by four bony prominences. It is defined distally by the hook of the hamate medially and the tubercle of trapezium laterally. Proximally, it is defined by the pisiform medially and the tubercle of the scaphoid laterally. The flexor retinaculum (transverse carpal ligament) connects these four areas and forms a fibrous sheath, which contains the carpal tunnel. The distal volar flexion crease (distal wrist crease) marks the proximal edge of the flexor retinaculum, the proximal end of the scaphoid, and the pisiform. The pisiform is easily palpable at the wrist crease and becomes a landmark for scanning the carpal tunnel. 1 Posteriorly, carpal bones define the floor of the carpal tunnel.
The median nerve is not uniform in its shape as it travels into, through, and out of the carpal tunnel, superficial to the flexor tendons, deep to the flexor retinaculum. This fact is important when planning the placement of the transducer so that reproducibility can occur. In normal patients, the nerve may flatten in the carpal tunnel before it divides into sensory and motor branches distal to the carpal tunnel. 1 The nerve may slide between tensed flexor tendons, 2 which may distort the shape of the nerve. It follows, therefore, that patient positioning and whether the patient is moving or holding a position will actively affect normal excursion of the nerve. Recognizing this nonuniformity is important when planning the placement of the transducer so that reproducibility can occur.
According to Jeng et al, 3 practical tools in active surveillance programs are needed to detect carpal tunnel syndrome (CTS) with high sensitivity and specificity. Such tools could be used to reveal potential CTS cases before symptoms become established and to monitor the results of surgical, medical, or ergonomic interventions for more established cases.
Ultrasound is a noninvasive, repeatable, inexpensive, and highly sensitive mode of examination of soft tissue, and has been demonstrated to provide useful and reliable information on soft tissue. The carpal tunnel and its contents can be visualized in an efficient and cost-effective manner. 4 Several authors have discussed the use of ultrasound in examining the carpal tunnel. 1,5-9 Duncan et al 9 demonstrated that ultrasound measurements of the cross-sectional area of the median nerve in the proximal carpal tunnel are sensitive and specific for carpal tunnel syndrome, suggesting that ultrasound may be useful in the diagnosis of carpal tunnel syndrome. They also suggested that standardization of the sonographic technique was necessary before ultrasound could become an accepted procedure. Lee et al 10 found a high degree of correlation between electromyography and ultrasound measurements of the median nerve and recommended the use of ultrasound as the first step in diagnostic testing after physical examination.
Despite the evidence of sensitivity and specificity supporting the use of ultrasound, no studies appear to have tested or demonstrated the reproducibility of measurements in repeated examinations. To test the usefulness of ultrasound in the diagnosis of early carpal tunnel syndrome in later studies, a set protocol with demonstrable reproducibility of measurements is required.
Method PARTICIPANTS
A convenience sample of 12 volunteers from colleagues and students participated in the study. Volunteers had no prior history of injury to the wrist, or known carpal tunnel problems. Ethics approval was sought and granted by our institution.
POSITIONING
The sonographer sat at a comfortable height and distance from the participant facing the ultrasound machine, so that the controls and participants' wrists were accessed with ease. Participants were positioned in the same manner at each ultrasound examination for each structure. Participants were seated next to the ultrasound machine facing the sonographer.
The arm for examination was supported on a gurney at a height midway between the elbow and shoulder, with the forearm supinated and the wrist/hand held in slight dorsiflexion. Participants were verbally instructed to allow their fingers to relax completely; thus, the fingers were semiflexed.
Previous pilot studies have indicated the need for strict adherence to protocol, so participants were asked to place both feet flat on the floor and look at a fixed object. A second tester observed each participant to ensure that this standard positioning was maintained at each examination. It is thought that this lessened the effects of the gliding tendencies of the nerve.
MEASUREMENTS

Cross-Sectional Area of Median Nerve at Proximal Carpal Tunnel (Level of Pisiform)
The proximal carpal tunnel was imaged with the transducer placed midway between the pisiform and the tubercle of the scaphoid at the level of the distal wrist crease. This is usually the point of maximum swelling in patients with carpal tunnel syndrome. 9 The transducer was positioned perpendicular to the median nerve, that is, angled slightly toward the head, the amount of angulation depending on the path of the median nerve as it goes through the carpal tunnel, to eliminate anisotropy effects. The nerve can be seen as a rounded or oval hypoechoic structure containing punctate bright echoes and with a hyperechoic border. It lies anterior to the flexor tendon of the index finger, which can be detected when the participant is asked to wriggle that finger, and in proximity with the posterior border of the flexor retinaculum. Measurement was obtained by taking the transverse diameter of the nerve and the anteroposterior diameter of the nerve and multiplying them together to find the area. Measurement of the nerve was obtained from the inner borders of the echogenic rim of the nerve (Fig. 1 ).
Cross-Sectional Area of Carpal Tunnel (Level of Pisiform)
With the transducer at right angles to the skin surface, the carpal tunnel was found at the level of the pisiform. The acoustic shadowing and the bright reflective surfaces of the scaphoid and the pisiform could be seen bordering the carpal tunnel.
Measurements were taken from the inner surface of the scaphoid to the inner surface of the pisiform, and from the posterior border of the flexor retinaculum, at a point midway between the scaphoid and the pisiform, to the carpal floor. The measurements were multiplied to obtain the area. It is believed this measurement may serve as an indicator of bulging of the retinaculum (Fig. 2 ). 11
Cross-Sectional Area of Median Nerve at Proximal Wrist Crease
The transducer was moved slightly cephalad so that it lay over the proximal wrist crease. The crosssectional area of the median nerve was measured as before ( Fig. 3) .
Anteroposterior Diameter of the Median Nerve at the Level of the Hamate
The transducer was placed so that a longitudinal section of the median nerve, at its largest diameter, was visualized as it left the carpal tunnel. Only anteroposterior diameter measurement was taken in this position because of the relatively steep angle the median nerve can assume as it leaves the tunnel (Fig. 4) .
Both wrists were examined. The first set of measurements was obtained from each of the eight points of interest at the initial examination and recorded by an observer.
A second set of measurements (retest) was taken by the same sonographer after a time lapse, which ranged from 20 minutes to 2 hours. The sonographer did not have access to the first set of measurements before the second set was taken. Participants were asked not to use their hand/wrist excessively in the interim, for example, using a keyboard. The retest was conducted in exactly the same manner as the first test. 
STATISTICAL ANALYSIS
The data were entered into Microsoft Excel version 7 for analysis. The measurements of the median nerve cross-sectional area at the level of the proximal wrist crease and at the level of the pisiform and the crosssectional area of the carpal tunnel at the pisiform level were collated and divided into right and left wrists. Anteroposterior measurements of the median nerve distal to the carpal tunnel were collated. Averages of the right and left initial and retest measurements and standard deviations were calculated. Pearson r and r 2 correlations were calculated to test the stability of test and retest measures. Paired t tests were performed to compare the measurements of test 1 with those of test 2. A significance level of P < .05 was set. The same tests were performed on the combined right and left median nerves distal to the carpal tunnel. Ninety-five percent confidence intervals were calculated about the mean. These are robust measures of variability and facilitate comparison between means.
Results
Twenty-four wrists were examined on 10 female and 2 male participants. One wrist was excluded from the study because a previous injury to the wrist made visualization of the median nerve difficult.
All measurements of aspects of the carpal tunnel showed no significant differences between test 1 and test 2. The r 2 's were greater than 0.7, demonstrating high stability of the test and retest measures. Tables 1 through 4 display the above results, where very small mean differences (95% confidence limit) were found between highly stable repeated measures.
Discussion
Our previous pilot studies indicated that the reproducibility of the measurements of the median nerve in the carpal tunnel at the level of the pisiform had not been consistent. Therefore, rigorous standards for positioning were set in the protocol to prevent any change in the caliber of the median nerve due to different positioning. Based on the reported protocol, confidence can be placed in all measurements of the carpal tunnel, since the 95% confidence limit range shows very little difference between them in the test and retest in all areas measured.
The study demonstrates that with an experienced sonographer, rigorous standardization of patient position, and quality equipment, a high level of confidence in the measurements can be achieved. It could be argued that some level of bias was introduced by the fact that one sonographer took all the measurements; however, because there was a time lapse between test and retest measures, and the sonographer did not see the measurements again after they were noted, the likelihood of the sonographer remembering such a volume of numbers is slim.
Because this was an intraobserver study, the protocol used shows reproducibility of measures in one person only. Should later studies demonstrate the usefulness of ultrasound using a strict protocol in the demonstration of nerve changes in carpal tunnel syndrome, then a further study to address interobserver reliability will need to be conducted.
Conclusion
Repeat ultrasound measures of the cross-sectional areas of the carpal tunnel, median nerve in proximal carpal tunnel and median nerve distal and proximal to the carpal tunnel can be reproduced satisfactorily using a strict protocol. We suggest that following a strict protocol when examining the carpal tunnel for signs of median nerve change will greatly enhance the findings. 
